Microbial methanogenesis at extreme conditions of saline alkaline soda lakes has, so far, been poorly investigated. Despite the obvious domination of sulfidogenesis as the therminal anaerobic process in the hypersaline soda lakes of Kulunda Steppe (Altai, southwestern Siberia), high concentrations of methane were detected in the anaerobic sediments. Potential activity measurements with different substrates gave results significantly deviating from what is commonly found in hypersaline habitats with neutral pH. In particular, not only a non-competitive methylotrophic pathway was active, but also lithotrophic and, in some cases, even acetate-dependent methanogenesis was found to be present in hypersaline soda lake sediments. All three pathways were functioning exclusively within the alkaline pH range between 8 and 10.5, while the salt concentration was the key factor influencing the activity. Methylotrophic and, to a lesser extent, lithotrophic methanogenesis were active up to soda-saturating conditions (4 M total Na + ). Acetate-dependent methanogenesis was observed at salinities below 3 M total Na + . Detection of methanogens in sediments using the mcrA gene as a functional marker demonstrated domination of methylotrophic genera Methanolobus and Methanosalsum and lithotrophic Methanocalculus. In a few cases, acetoclastic Methanosaeta was detected, as well as two deep lineage methanogens. Cultivation results corresponded well to the mcrA-based observations. Enrichments for natronophilic methylotrophic methanogens resulted in isolation of Methanolobus strains at moderate salinity, while at salt concentrations above 2 M Na + a novel member of the genus Methanosalsum was dominating. Enrichments with H 2 or formate invariably resulted in domination of close relatives of Methanocalculus natronophilus. Enrichments with acetate at low salt concentration yielded two acetoclastic alkaliphilic Methanosaeta cultures, while at salinity above 1 M Na + syntrophic associations were apparently responsible for the observed acetate conversion to methane. Overall, the results indicated the presence of functionally structured and active methanogenic populations in Siberian hypersaline soda lakes.
INTRODUCTION
Hypersaline soda lakes are a rare example of athalassic salt lakes where sodium carbonates are the dominant salts in the brines resulting in soluble alkalinity in the molar range with a stable pH around 10. Typical examples are lakes Magadi and Natron in East Africa. Despite harsh conditions, diverse communities of Prokaryotes, apparently well adapted to high salt-high pH conditions, have been detected in various soda lakes, including hypersaline examples (Jones et al. 1998; Grant et al. 1999; Zavarzin, Zhilina and Kevbrin 1999; Humayoun, Bano and Hollibaugh 2003; Ma et al. 2004; Rees et al. 2004; Mesbah, Abou-El-Ela and Wiegel 2007; Mwirichia et al. 2010; Sorokin et al. 2014) . In anoxic sediments of soda lakes, sulfur-dependent respiration (sulfate, thiosulfate and elemental sulfur as e-acceptors) is the most active therminal anaerobic process resulting in often millimolar concentrations of free sulfide (Sorokin et al. 2010; Sorokin, Kuenen and Muyzer 2011) .
Methanogenesis is known to occur in saline habitats either by a non-competitive (methylotrophic) pathway at hypersaline conditions or when sulfate depletion prevents hydrogen or acetate oxidation by sulfate reducers at moderate salinity (Oremland and Polcin 1982; Oremland, Marsh and Desmarais 1982a; King, Klug and Lovley 1983; Oremland and King 1989; Sørensen, Canfield and Oren 2004; Waldron et al. 2007; McGenity 2010; García-Maldonado et al. 2012; Kelley et al. 2012 Kelley et al. , 2014 . However, even in the absence of competition from sulfidogens, in NaCl brines lithotrophic methanogenesis has never been demonstrated at salinity above 2 M NaCl, while the acetatedependent pathway is not known for salt concentrations above marine conditions (3.5%). Although the latter fact has plausible thermodynamic reasons (Oren 1999 (Oren , 2011 , the absence of hydrogenotrophic methanogenesis at extreme salinity might have more complex explanations (for example absence of hydrogenotrophic lifestyle in extremely halophilic lineages of 'Methanomicrobia').
Evidence for methanogenesis in soda lakes, especially those with extreme salinity, is scarce. Most of the data were obtained for moderately saline soda lakes in California, Nevada and Oregon (Mono Lake, Big Soda Lake and Soap Lake) (Oremland and Des Marais 1983; Oremland, Marsh and Polcin 1982b; Iversen, Oremland and Klug 1987; Whiticar 1987, 1993; Kulp et al. 2007) . The conclusions from this work are somewhat controversial. Direct incubation experiments showed no methane formation from competitive substrates (H 2 , formate, and acetate), indicating exclusive operation of the non-competitive methylotrophic pathway (with MeOH and DMS). On the other hand, presence of hydrogenotrophic methanogenesis was implicated from the methane formation in sediment incubations with 14 C-bicarbonate. Use of 14 C-bicarbonate as a substrate, either for methanogenesis or primary production estimation in soda lakes, is tricky because it is completely unclear how it is exchanged with the enormous pool of bicarbonate/carbonate (up to several moles) in hypersaline soda lakes. In our opinion, it might lead to huge overestimations of the actual activity and, therefore, only direct stimulation of methanogenesis with non-competitive substrates must be considered as a proof. So, the only conclusion from the 14 C-incubations which can be drawn with confidence is that the lithotrophic methanogenesis was operative in moderately saline (90 g L −1 ) and alkaline (pH 9.9) Mono Lake . This was actually confirmed only very recently by the first isolation of a pure culture of a low salt-tolerant alkaliphilic strain belonging to the genus Methanocalculus from alkaline Lonar Lake in India (Surakasi et al. 2007) , and later on of an extremely salt-tolerant natronophilic representative from a hypersaline Siberian soda lake, described as Methanocalculus natronophilus-a first hydrogenotrophic methanogen able to grow at sodium concentrations above 2 M (Zhilina et al. 2013) . The presence of these lithoheterotrophic methanogens have also been confirmed by a culture-independent study using the mcrA gene as a functional molecular marker in hypersaline Siberian soda lakes (NollaArdèvol et al. 2012) and with methanogen-specific 16S RNA gene primers in the low-salt alkaline Lonar Lake (Antony, Murrell and Shouche 2012) . At present it seems that members of Methanomicrobiales are the only lithotrophic methanogens active at high salt conditions, both in NaCl (Ollivier et al. 1998) and in soda brines. In addition, a member of the 'Methanobacteria', Methanobacterium alcaliphilus, seems to be able to tolerate conditions of diluted alkaline lakes (i.e. salinity below sea water conditions and pH 8.5-9) ). Specialized methylotrophic methanogens cultured so far from haloalkaline lakes were represented by two members of the Methanosarcinales. Both are moderately salt tolerant and obligate alkaliphilic, with Methanosalsum zhilinae Mathrani et al. 1988; Kevbrin, Lysenko and Zhilina 1997; Boone and Baker 2001) as more salt and alkali-tolerant than Methanolobus oregonense (Liu, Boone and Choy 1990) . The latter organism was recently detected in sediments of the low-salt alkaline Lonar Lake and in a bioreactor removing DMS [(CH 3 ) 2 S] at marine salinity and pH 10 (van Leerdam et al. 2008; Antony, Murrell and Shouche 2012) . As mentioned above, conversion of acetate to methane at haloalkaline conditions has never been demonstrated on the level of sediment activity or by cultivation approach, although Methanosaeta-related sequences were found in Lonar Lake using group-specific primers (Antony, Murrell and Shouche 2012) . In this study, we focused on microbial methane formation and composition of natronophilic methanogenic communities in anaerobic sediments of hypersaline soda lakes located in southwestern Siberia (Altai, Russia) using activity measurements, molecular detection and cultivation. The results revealed for the first time that all three methanogenic pathways can be active at extreme haloalkaline conditions and identified the organisms responsible for the activity in these habitats.
MATERIAL AND METHODS

Site characteristics and sampling
Field work and sampling were performed in July of 2011-2012 in hypersaline soda lakes in southwestern Siberia (Kulunda Steppe, Altai, Russia). The main lake characteristics are given in Table 1 . The period of sampling corresponded to maximum salinity and alkalinity of these lakes in 11 consecutive years. The brine parameters and concentration of acid-labile sulfides in the sediments were measured as described previously (Sorokin et al. 2010) . Sediments for potential activity experiments were taken from the top 15 cm layer and placed into 0.3 L glass containers which were then closed without air bubbles. Samples of the near-bottom brines were taken into 0.5 L glass bottles and also closed without air. The samples were kept at ambient temperature in the shade before transporting into the laboratory (3 days) where they were immediately processed. Chilling of the samples was counterproductive because of immediate salts crystallization. Sediment and near bottom brine samples for methane analysis were obtained by a 40 cm long metal reinforced plastic corer with an inner diameter of 25 mm. Duplicate 2 cm 
Potential methanogenic activity measurements
The activity was measured in sediment slurry experiments at 25
• C in 25 ml serum bottles containing 5 cm 3 sediment and 5 ml near bottom brine in duplicates for each incubation. After manipulations, the bottles were sealed with butyl rubber stoppers and made anoxic by three cycles of evacuation-argon gas flushing. Substrates were added at 5 mM concentrations for methylated compounds and acetate and 20 mM for formate. When the latter two were used, the slurries also received 10 mM of sodium molybdate to block stimulation of SRB. To study the effect of salinity and pH on methanogenesis, the pore brines were removed by centrifugation and replaced by saline buffers. The salinity effect was studied by addition of sodium carbonate/bicarbonate buffer with pH 10 and a Na + concentration ranging from 0.2 to 4 M. The pH effect was determined by addition of HEPES/NaHCO 3 buffer for the pH range from 6 to 8 and a NaHCO 3 /Na 2 CO 3 buffer for pH 8.5-11. After mixing with the respective buffers (1:1), the pH of the resulted slurries was adjusted to the desired values by titration with acid or base.
Since the pH after incubation often deviated substantially from the initial value, the final pH values were measured and they are indicated in the results. 0.1 ml gas samples were taken periodically for methane measurements, and the maximum rates of methanogenesis were calculated from the linear part of the accumulation plots. All experiments were done in duplicate and, in some cases, in triplicates, and the results represent average values with standard deviation below 15%.
Molecular analyses of microbial communities and pure cultures
After termination of the slurry incubations, 1 ml portion was resuspended in 30 ml of 1 M NaCl in 0.1 M HEPES, pH 8, and, after vigorous homogenization, subjected to three rounds of low-speed centrifugation resulting in separation of colloidal clay fraction enriched in cells. This was then collected by high-speed centrifugation from which the genomic DNA was extracted using the Soil Power DNA Extraction Kit (MoBio Laboratories) with modifications consisted of pre-incubation of the sediment pellet in beat-beating solution with 50 mM EDTA overnight on ice and addition of skimmed milk (1 mg ml −1 ). This treatment increased the purity and, especially, the final DNA yield. From pure cultures, the DNA was extracted using an alkaline SDS lysis at 60
• C and purified with the Wizard Preps Kit (Promega, USA). The nearly complete 16S rRNA gene from pure cultures was amplified with the general primer pair arch8f-1492r. The sequences were imported into ARB v5.2 using the SSURef NR99 119 SILVA 14 07 14 database and aligned to closed relatives. A tree was constructed using maximum-likelihood method named RAxML (algorithm: rapid boothstrap analysis) implemented in ARB using a SSU-Ref-119: archaea filter. In total, 1244 positions were used for calculation to construct the base tree, and small sequences were added using the parsimony tool implemented in ARB. A total of 250 bootstrap rounds were performed.
For the mcrA gene amplification, the primer set was optimized based on published data (Luton et al. 2002; Steinberg and Regan 2008) to cover known methanogenic taxa found in saline habitats. Two sets of primers were used in two-step amplification:
The PCR protocol was the following: a pre-denaturing step 95
• C for 3 min, cycle (95 • C for 30 s, 52.5
• C for 45 s, 72
• C for 30 s and 80
• C for 25 s), a final extension at 72 • C for 10 min for 32 cycles with primers mlas f/mcrA r following 12 cycles with the DGGE primers. DGGE analysis of the mcrA gene fragments was performed according to Schäfer and Muyzer (2001) using 10-60% denaturing gradient at 250 V for 2 h 48 min. The DNA from the excised bands was reamplified (using the sample non-DGGE protocol) for 25 cycles and send for sequencing (Macrogen, South Korea). The resulting sequences were corrected, translated and compared to sequences stored in Genbank using the BLAST algorithm. The corrected sequences and relatives were loaded into the CLC genomic workbench 7 (CLCbio, Qiagen, Denmark) and imported into an existing, 174 species containing, database. All mcrA genes were compared on the basis of the amino-acid sequence, and a tree was constructed using neighbor-hood joining method on the basis of 140 aa positions. A selection of unique sequences were deposited to the Genbank under accession numbers KM2598528-KM259833 and KM259844-KM259859. The sequences obtained from pure cultures are deposited under accession number KM259860-KM259866.
Enrichment and isolation of haloalkaliphilic methanogens
Sediment slurries showing high methanogenic activity were used as a source for further enrichment and isolation of haloalkaliphilic methanogens. Several strains have also been directly enriched from the mix sediments obtained from the same lakes in 2009 and 2010. The chemical parameters of the lakes at that period are described in Sorokin et al. (2010) . The basal medium was strongly buffered at pH 10 with a sodium carbonate/bicarbonate mixture containing 0.6-4.0 M of Na + . After sterilization, the medium was supplemented with (final concentration): NH 4 Cl (4 mM; omitted in case when methylamines were used as substrates), MgCl 2 (1 mM), acidic trace metals (1 ml L −1 ) and vitamins (1 ml L −1 ) (Pfennig and Lippert 1966) , basic Se/W solution (1 ml L −1 ) (Plugge 2005 ) and yeast extract (10 mg L −1 ).
Electron donors were supplied at concentrations 5-50 mM. The medium was dispensed either into 30 ml serum bottles (20 ml) for primary enrichments or into 15 ml Hungate tubes (10 ml) for serial dilutions. Na 2 S (1 M) was added from a filter-sterilized anaerobic stock solution as a reductant, and oxygen was removed by five cycles of flushing with argon gas. Final reduction of the medium was done by adding a drop of 10% dithionite solution in 1 M NaHCO 3 . At the later stages of culture purification, a mixture of kanamycin, penicillin G, streptomycin and vancomycin was added at a final concentration of 100 mg L −1 each.
In most of the cases, several rounds of serial dilutions were necessary to remove the bacterial component from methanogenic cultures.
RESULTS AND DISCUSSION
Methane profiles in sediments
Methane was detected in all investigated sediments in μM concentrations except for the trona crystallizing pond where the profiling was not possible. However, there was a sharp difference between moderately saline lakes with sandy (CS and T-3) and gray clay (T-6) sediments with generally low methane content and the Bitter Lake system with organic-rich sediments where methane concentrations were 100 times higher (Fig. 1) . Remarkably, the highest methane concentrations were detected in the most saline lake Bitter-1. A general trend for all lakes was the increase of methane content with sediment depth, with some times visible two methane peaks-a subsurface peak at 10-15 cm depth and a deeper second peak below 25 cm depth. Although the detected methane concentrations were much lower than those of acid labile sulfides (see Table 1 ), the measured profiles were still an indicator of active methanogenesis in the lakes.
Potential methanogenic activity in the sediments
A preliminary experiment with mixed sediments from five lakes from 2012 aimed to look at the presence of lithotrophic methanogens and their competition with SRB. In contrast to salt lakes, the formate-dependent methanogenesis was operating in hypersaline soda lake sediments. In the native sediments (high salt/high sulfate), however, SRB outcompeted methanogens for formate, an expected result and the maximum rates of formatedependent methane production can be observed at lower salinity and inhibition of SRB either by molybdate addition or removal of sulfate (Fig. 2) . Next, an extended set of incubations has been performed with the sediments from 2012. The sole purpose of these experiments was to detect a presence of different types of methanogenic archaea active at native salt-pH conditions and which pathways were potentially active. For this, four methylated compounds (MeOH, MA, DMA and TMA), formate and acetate were used in comparison with an endogenous control. The results demonstrated highest rates of methanogenesis with methylated compounds, especially TMA (in contrast with the early data on Mono Lake, Oremland and King 1989) in four out of five tested lakes (Fig. 3) . However, lithotrophic pathway also showed potential activity in incubations with formate in four out of five lakes including the most saline lake Bitter-1. Moreover, these experiments demonstrated a potential possibility of acetoclastic methanogenesis in three out of five lakes which, previously, has never been detected in soda lakes. One of the reasons might be that the previous incubation attempts were too short. In our experiments, the substantial difference made by acetate addition in comparison with the endogenous methanogenesis could be seen only after several months. This might indicate either a very low initial number of acetate-utilizing organisms or a very slow process, which would not be surprising given the double extreme conditions. Further cultivation work (see below) confirmed that acetate conversion to methane at soda lake conditions is an extremely slow, but still possible, process.
Influence of pH and salinity on potential methanogenic activity in sediment slurries
The pH effect on methanogenic activity measured with formate, MeOH and acetate in three samples from 2012 was typical for obligate alkaliphiles dominating in soda lakes with maximum activity at pH 9.5-10, and no activity below pH 8 (Fig. 4) . The effect of sodium carbonate concentration at pH 10 on methanogenesis in the same samples depended on the substrate and the lake salinity. The lowest salt tolerance was observed when acetate served as substrate, while methylotrophic methanogenesis showed the highest salt tolerance. Lithotrophic methanogenesis was still active up to soda-saturating conditions (4 M total Na + ) in the most saline Bitter-1 lake (Fig. 4) .
DGGE analysis of the methanogenic community in soda lake sediments
DGGE analysis of the functional molecular marker mcrA gene fragments was used to evaluate the composition of substrate-stimulated methanogens in the sediment slurries in comparison to unamended samples. In total, 50 samples have been analyzed and the mcrA was detected in 45 of them. The detailed results can be found in Fig. S1 (Supporting Information). In most of the cases, addition of specific substrates resulted in proliferation of several types of methanogens in comparison to unamended control sediments where those organisms were present either in lower abundance or could not be seen by the applied detection method. An attempt of cluster analysis (Fig. S1 , Supporting Information) showed two types of clustering-on the basis of sample origin (specific for certain lake) and substrate typespecific (lithotrophic-methylotrophic). Overall, seven groups were detected. The group closely related to Methanobacterium spp. is apparently unspecific, except, perhaps M. alcaliphilum. But even the latter has not been shown to grow at the pH values dominating in the studied lakes. We believe, therefore, that this group is unspecific for the habitat and might have originated from the soils surrounding the investigated soda lakes. This was also confirmed by cultivation approach (see below). Among the methylotrophs, two Methanosarcinales genera, Methanolobus and Methanosalsum, were heavily represented. The Methanolobus sequences were closely related to alkaliphilic species Mlb. oregonense, while the Methanosalsum sequences fell into two distinct clusters, one belonging to the type species Msm. zhilinae and the other apparently to a novel species within the same genus (Fig. 5) .
The lithotrophic methanogens were represented by two lineages from Methanomicrobiales: a minor fraction belonged to the genus Methanoculleus and the majority of the sequences were closely related to Methancalculus natronophilus (Fig. 5) . Both genera have previously been detected in low-and high-salt soda lakes, respectively, by molecular methods and by cultivation.
A single sequence belonged to a potentially acetoclastic member of the genus Methanosarcina and three sequences to the obligate acetoclastic Methanosaeta. However, only the latter could be enriched further at soda lake conditions (see below) and, therefore, we believe, that the Methanosarcina presence could be explained in the same way as suggested above for the Methanobacterium. In hypersaline lake, Bitter-1 additions of acetate stimulated development of Methanocalculus (see Fig. S1 , Supporting Information), which might be taken as an indication of possible syntrophic acetate oxidation.
Three mcrA gene sequences, all detected in the presence of methylated substrates, belonged to deep lineages. Two of them, (Oremland, Marsh and Desmarais 1982a) . The gas samples were taken regularly, with intervals depended on the dynamics (from 1 day to 2 week frequency). In case of formate and acetate as substrates, 10 mM molybdate was added to decrease the sulfidogenic activity. Substrates: MeOH, methanol; MA, methylamine; and TMA, trimethylamine. Dimethylamine additions did not stimulate the methanogenesis and in most cases even inhibited the endogenous methanogenesis.
present in sandy sediments of the moderately saline Cock Soda Lake and Tatanatar-3, affiliated with the recently discovered methanogens from the class Thermoplasmata (Borrel et al. 2013 ) (Fig. 5) . Since this novel clade of methanogens has never been detected in saline habitats, there is also a possibility that they originated from the surrounding pasture soils. The third sequence, present in the hypersaline Bitter-1 Lake, represents a very deep lineage which might be a new class-level methanogen. A possibility of the presence of such deep lineages of unknown extremophilic methanogens has been suggested previously on the basis of both mcrA and 16S rRNA gene diversity studies of hypersaline habitats (Scholten et al. 2005; Borin et al. 2009; Antunes et al. 2011; López-López et al. 2013) , but it was never confirmed by cultivation approach.
Culturable diversity of sulfidogenic bacteria in Kulunda soda lakes
The most active methane-producing slurry incubations were used as primary source for further enrichment and isolation of natronophilic methanogens at pH 10 and total Na + concentration ranging from 0.6 to 4.0 M. Apart, direct enrichments were . Influence of pH and Na + (as NaHCO3/Na2CO3) at pH 10 on potential rates of (a) lithotrophic and methylotrophic (incubation period from 5 to 100 days) and (b) acetoclastic methanogenesis (period is indicated on the graphs) in sediments from Kulunda Steppe soda lakes. The data represent maximum calculated rates. also made from a native sediment mix by using more complex substrates, such as VFA and alcohols, aimed at enrichment of syntrophic methanogenic associations. The results are summarized in Table 2 and Figs 5 and 6. The cell morphology of representative isolates is shown on Fig. S2 (Supporting Information).
Use of H 2 and formate as e-donor at variable salinity invariably resulted in enrichment and, finally, isolation in pure cultures of representatives of the genus Methanocalculus. This organism was also an ultimate hydrogenotrophic methanogenic partner in syntrophic associations converting EtOH, PrOH, butyrate, benzoate and crotonate into methane. All isolated strains preferred formate over H 2 as the e-donor and demanded acetate as the C-source (i.e. were lithoheterotrophic). They were obligate alkaliphiles with a pH optimum around 9.5 and formed two distinct salinity groups-moderate salt-tolerant (grows up to 1.5-2 M total Na + ) and extremely salt-tolerant group, reaching to nearly soda saturating conditions (3.5-3.75 M Na + ) (Fig. 7) . The growth of the latter at salt concentrations exceeding 2 M Na + was extremely slow but, still, such a salt tolerance is extraordinary for hydrogenotrophic methanogens and extends our perceptions of the salt borders for this important process. The two salt groups also corresponded well to the two 16S rRNA gene clusters, with the low-salt group more related to the Lonar Lake isolates (Surakasi et al. 2007 ) and the high-salt cluster to M. natronophilus (Fig. 6 ). The maximum salt barrier for growth of the latter is reported as 3.3 M total Na + (Zhilina et al. 2013) . The cultivation results were in good agreement with the dominance of M. natronophilus mcrA phylotypes detected in the sediment experiments by DGGE (see Fig. S1 , Supporting Information). Enrichments with methylated compounds were positive with MeOH, TMA and DMS (at concentrations below 5 mM). At salt concentrations below 1.5 M, the enrichments resulted in domination of Methanolobus sp. closely related to alkaliphilic Mlb. oregonense, while at higher salinity it was outcompeted by extremely salt tolerant methylotrophic group apparently representing a new species within the genus Methanosalsum (Fig. 6) . The mcrA gene sequences of the isolates from both groups matched the dominant sequences of methylotrophs detected in the sediment slurries by molecular analysis (Fig. 5) . On the other hand, M. zhilinae, although detected in the sediments, had never proliferated in the high-salt methylotrophic enrichments, probably because of much lower pH and salt optima. Both groups are obligate alkaliphiles but sharply differed in salt tolerance: the Methanolobus isolates were unable to grow above 1.5 M Na + , while the Methanosalsum isolates typically grew up to 3 M, and one isolate-up to 3.5 M total Na + and also they remained active in saturated soda brines at 4 M Na + (Fig. 7) .
Enrichments with acetate at pH 10 and Na + content up to 2.5 M were positive from Bitter-1 Lake 2011 and 2012. However, because of extremely slow development, at this moment we can only state that they are syntrophic association of an acetate-fermenting natronophile and M. natronophilus-like methanogens. Two enrichments at pH 9.5 and 0.6-1 M total Na + from Tanatar-6 (2011) and CS (2012), respectively, resulted in domination of Methanosaeta. The isolation of pure cultures was very problematic because of very slow growth (10 mM acetate conversion in 3 months), lack of colony formation and growth in high dilutions and sensitivity to bacterial antibiotics. According to the 16S rRNA gene sequence analysis, the better purified strain Methanosaeta sp. Mx is closely related to the type species Methanosaeta harundinaceae. On the other hand, analysis of its mcrA gene showed relatively large distance from the known Methanosaeta species. Further work is clearly necessary to characterize these novel methanogens.
Concluding, the presented results demonstrated that methanogenic archaea participating in three different methanogenic pathways are present in soda lakes that they are adapted to soda lake pH-salt conditions and might be potentially active at in situ conditions even in saturated soda brines. In contrast to the sodium chloride-dominated hypersaline habitats with neutral pH, in soda lakes not only the methylotrophic methanogens are present, but, apparently, two other groups, i.e. lithotrophic and acetoclastic. While the operation of the lithotrophic pathway has been already suspected from early activity measurements (but not convincingly proven) and isolation of natronophilic lithotrophic methanogens, the existence of acetoclastic pathway at soda lake conditions has never been demonstrated before. It remains, however, to be proven, that the lithotrophic and, especially, very slowly operating acetoclastic pathways can actually compete with the soda lake sulfidogens at the in situ conditions.
One of the reasons for methanogenic archaea with the lowenergy catabolism to be active at soda lake conditions in contrast to the pH-neutral NaCl-dominated conditions might be connected to the obvious (but, so far, not well recognized) difference in electrolytic, and, therefore, osmotic properties of NaCl (strong electrolyte, high osmotic pressure) and sodium carbonate salts (weak electrolytes, low osmotic pressure), as was previously demonstrated for extreme salt-tolerant aerobic alkaliphilic sulfur-oxidizing bacteria from soda lakes (Sorokin et al. 2013) .
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